and lipoxygenase activities in animals were Olscovered much later (Hamberg and Samuelsson, 1974; Nugtel'en et al.. 1966) , and their physiological roles were defined quickly thereafter. Although plants and animals diverged in their evolution more than 2.5 billion years ago. there remain several common enzymic reactions in the pathway in addition to lipoxygenase. Allene oxide synthase (formerly called hydroperoxide isomerase. hydroperoxide cyclase. and hydroperoxide dehydrase) is found in plants and coral (Fig. I) , and hydroperoxide lyase has been identified in plants and fish (see review in Gardner. 1991 l.lnterestingly. both the octadecanoid and eicosanoid pathways are often triggered by stress. Many of the physiological responses are amelioration or repair of the effects of stress. For many years. aspirin has been known to block prostaglandin formation by inhibiting prostaglandin endoperoxide synthase activity. Recently, Pena-Cones et al. ( 1993) reponed that aspirin in plants also inhibits allene oxide synthase. the enzyme that produces the plant equivalent of prostaglandins ( 12-oxo-phytodienoic acid) .
An overview of the lipoxygenase or octadecanoid pathway of plants is shown in Fig. 2 . After lipolytic action, the first enzyme in the series is lipoxygenase. Most plant lipoxygenase isoenzymes hydroperoxidize polyunsaturated fatty acids in a stereo-specific manner giving either 13(S)-or 9(S)-hydroperoxides, and some yield a mixture of both. Only a few isoenzymes give a more racemic mixture, similar to fatty acid autoxidation products. Thus. the hydroperoxides usually obtained from linoleic acid are 13(S)-hydroperoxy-cis-9.transll-octadecadienoic acid (13S-HPOD) and 9(S)-hydroperoxy-trans-I0.cis-12-octadecadienoic acid (9S-HPOD), and those obtained from linolenic acid are 13(S)-hydroperoxy-cis-9.trans-1I.cis-15-octadecatrienoic acid (13S-HPOT) and 9(S)-hydroperoxy-trans-1 O.cis-I2,cis-I5-octadecatrienoic acid (9S-HPOT). By Fischer convention the 13(S)-and 9(S)-hydroperoxides are (L) and (D) , respectively. After lipoxygenase action, there are several hydroperoxide-metabolizing branches of the pathway that impact the physiology of plants; these aspects are discussed in the sections below.
The jasmonic acidfami/y. The key enzyme involved in the biosynthesis of the family of7-iso-jasmonic acid,jasmonic acid, their esters. and numerous related metabolites was first observed in flaxseed (Unum usitatissimum L.) to transform 13S-HPOD into 12-oxo-13-hydroxy-eis-9-octadecenoic acid (a-ketol). Zimmerman (1966) ,1O-dihydrojasmonic acid H Jasmonic acid ) ® H 4.5-Didehydro-7-iso-jasmonic acid 3.7-Didehydro-jasmonic acid ----H / Homo-and dihom0-7-iso-jasmonic acid j~monic acid (and l2-0H lactone) , 9,10-Dihydro-7-iso-jasmonic acid
c aCI and cucurbic acid~6-Epi-cucurbic acid lactone ""-CuCurbic acid-Q-b-glucopyranoside additionally. the y-ketol. 12-oxo-9-hydro",y-Irans-Io-octadecenolc acid. was produced from 13S·HPOD (Gardner. 1970) . The corn germ enzyme also converted 9S·HPOD Into the corresponding Q-and y. ketols. Several years later. Zimmerman and Feng ( 1971:!) reported a "new" enzyme. hydropero",ide cyclase. that catalyzed the conversIOn of 13S-HPOT Into a cyclic fatty acid. 12-o",o-phytodlenoH: aCid. Subsequently. Hamberg (1987) showed that the Q-and y·ketols were derived from hydrolySIS of the actual enzymIc product. an unstable allene o",ide fatty aCid. He renamed the enzyme as hydroperoxlde dehydra>e. but thiS nomenclature was changed again to allene o"'lde synthase by Song and Brash ( 1991) . who Isolated the enlyme and charactertzed It as a cytochrome P450. The allene o",ide syntha-.e gene from f1al\seed was recently cloned and sequenced (Song et aI.. 1993) .
Researchers soon recogmzed that the allene o"'lde fatty aCId wa, the intermediate Involved In cyclizatlon of 13S-HPOT Into 12'0"'0-phytodienOlc aCid (Fig. 3 ) (Baenschl et al .. 1988; Brash et aI.. 1988 : Hamberg. 1988 ). Earlier. Corey et al. (1987) had suggested that an analogue of 12-mo-phytodienoic acid, pre-clavulone A (FIg. I) . wa, formed in coral via a fatty acid allene oxide Intermediate; a suggestion fully confirmed by Brash's group (Brash et al., 1987) . In plants. only the 13S·HPOT was convened into the cyclic fatty acid; whereas allene oxides from the 9S·HPOT. 9S·HPOD. and 13S·HPOD exclUSively underwent hydrolysis to the ketols. Reaction of 13S-HPOT catalyzed by allene oxide synthase results in the spontaneous cyclization of the intermediate allene oxide; however, hydrolySIS to the ketols occurs to a larger extent. Also, spontaneous cyclization causes the formation of racemic 12-oxo-phytodienoic acid (9S, l3S. and 9R. 13R); but in the presence of another enzyme. allene oxide cyclase. mamly one isomer (98% 9S, 13S) was found in increased yield at the expense of ketol formation (Hamberg and Fahlstadius. 1990 ).
The next steps in the pathway to jasmomc acid involved the reduction of the double bond of the cyclopentenone ring of 12-0"'0-phytodlenoic acid by a reductase (Vick and Zimmerman. 1986l . followed by three successive~-oxidations (Vick and Zimmerman. 1983) . As shown in Fig. 3 . the immediate biosynthetic product is 7-isoJasmonic acid. instead of jasmonic acid. Many derivatives related to jasmonic acid are known (see review In Hamberg and Gardner. I992l. Although the specific routes to these derivatives are unknown. the pathways shown in Fig. 3 were constructed by logical use of known blosynthetic reactions. The methyl ester ofjasmonic acid. as well as 7-Iso-Jasmonic acid. are commonly occurring natural derivatives.lnvestlgators have used synthetic methyl jasmonate e"'tensively as a "volatile signal" in physiological research. The biological activities of the jasmonic acid family are extensive (see recent reviews in Farmer and Ryan, 19913; Hamberg and Gardner. 1992; Sembdner and Panhier, 1993; Staswick, 1992; van den Berg and Ewing. 1991; . Because these reviews are available, the literature from 1992 to present will be emphasized, with only a brief summary gi ven of the earlier research (Table I) . Physiological functions of the jasmonic acid family have been largely researched with a synthetic racemate of methyl jasmonate or jasmonic acid. According to Nishida et al. (1985) . synthetic methyl jasmonate tends to be composed of 47.5% methyl jasmonate (natural). 47.5% methyl emjasmonate (unnatural), 2.5% methyl 7-iso-jasmonate (natural), and 2.5% methyl em·7-iso-jasmonate (unnatural) ; thus, it is reasonable to expect that the biological activity of the natural methyl esters may have a lower threshold than reponed for synthetic racemates. As reponed by Koda et al. (1992) . methyl enr-7-iso-jasmonate and methyl enrjasmonate had lower activity in some applications. but they equally inhibited the straight growth of oat (Avena saliva L.) coleoptiles. compared to the natural isomers. With some notable exceptions, such as the potato-tuberizing phytohormone. tuberonic acid-O-~- glucopyranoside (Yoshihara et aI.. 1989) . Iinle is known of the biological activity of the various other metabolites of jasmonic acid and 7-lso-Jasmonlc acid. Another unknown is the fate or function of allene OXide hydrolysIS products. the a-and y-ketols.
RecenlInvesllgallons have increasingly indicated that predallon by herbIvores (woundIng I. elicitation by fungi (hypersensitive response I. or both are signaled by the Iipoxygenase pathway. and the defense response to the Signal occurs at the transcriptional level. This signal IS theonzed to be the Jasmonic acid (or 7-iso-jasmonic acid) produced via the octadecanOld pathway. A reasonable model has been outlined by Farmer and Ryan (1992a. I992b) . which suggests that either a pathogen or a herbivore Signals a receptor in the plasma membrane. Accordmg to the model. the receptors cause activation of lipase. and thiS In tum iOlllates the octadecanoid pathway to jasmonic acid and gene aCllvallon Thus far. there is limited evidence for the activation of hpase by ehcllallon. Lipoxygenase's role in the hypersensillve response wa, demonstrated by a negative elicitor response using a Itpoxygena!'-e-null potato (Solanum cuberosum L.) callus culture. compared with a hpo1tygenase-positive culture (Vaughn and Lulai. 1992) . Mueller et al. ( 1993) found that adding fungal cell walls to a variety of plant cell cultures resulted in the release of free linolenic acid. and withIn 1 h. the transient formation of 7-iso-jasmonic acid. as well as 12-oxo-phytodienolc acid. In turn.jasmonicl7-iso-jasmonic acid produced as a result of elicitation induces mRNAs for the production of defensive proteins IDttlrich et al .. 1992 These protems. such a~phenylalanine ammonia lyase. 4-<:oumarate:CoA ligase. and chalcone synthase. stimulated production of defensive secondary metabolites. Other recently reported defensive proteins mduced by either jasmonic acid. methyl jasmonate. or their precursors (e.g.. 12-oxo-phytodienoic acid) include a Kuniu-type proteinase inhibitor (Yamagishi et al.. 1993) . tobacco proteinase inhibitor (Rickaueret al.. I992). potato proteinase inhibitor II (Kim et al.. 1992 : Peiia-Cortes et al.. 1992 ). a precursor of leaf thionin (Andresen et al .. 1992) . and several proteinase inhibitors (Farmer and Ryan. I992b: Farmer et al .. 1992 ). However. it has been recently questioned if the proteinase inhibitors or other proteins play an important role in protection against fungal anack. According to some workers (Cohen et al .. 1993 : Schweizer et al., 1993 , other factors may be important. It has been amply demonstrated thatlipoxygenase activity is induced by either wounding or fungal elicitors (e.g., Croft et aI.. 1990 : Fournier et al.. 1993 : Hildebrand et al.. 1989 Melan et al.. 1993) . Possibly. increased levels of certain lipoxygenase isozymes are a result of methyl jasmonate (or jasmonic acid) induction, such as observed for a Iipoxygenase in soybean (Glycine max L.) (Grimeset al.. 1992) . The increased expression of lipoxygenase could function simply as a vegetative storage protein (Grimeset al., 1992) or could amplify the signal after pathogen anack.
Similar to induction by elicitors. wounding causes expression of a vanety ofproteins in a manner similar to the induction ofthese proteins by either methyl jasmonate.jasmonic acid. or their precursors (Farmer and Ryan. 1992b : Farmer et al., 1992 : Hildmann et aI.. 1992 . Wounding caused the transient formation of 7-iso-jasmonic acid. which peaked within 30 min to 2 h ). Creelman et ai. ( 1992) also observed jasmonic acid and methyl jasmonate accumulation after wounding soybean stems. Stimulation of Bryonia dioica Jacq. tendrils by streaking with a wooden stick was sufficient to increase the level of jasmonic acid . Although wounding causes transient production of the jasmonic acid family of compounds and they induce proteins at the transcriptional level. surprisingly. gene deletion analysis showed that the induction mechanism of potato proteinase inhibitor II by wounding is different from induction by methyljasmonate (Kim et aI., 1992) .
In addition. proteins that have no obvious plant defense function are expressed in the presence of either methyl jasmonate or jasmonic acid. Some serve as vegetative storage proteins, like those found earlier in soybean (Glycine max L.) leaves. Soybean storage proteins act as N sinks within the leaf before their mobilization during seed development. Recent reports include determination of the sequence of the jasmonate-inducible 23-kD (Andresen et al.• 1992) and 6D-kD (Becker and Ape!. 1992) proteins of barley (Hordeum vulgare L.) and detection of an inducible vegetative storage protein in Arabidopsis thaliana L. (Staswick et a!., 1992) . In contrast, methyl jasmonate caused the decline ofcertain photosynthetic enzymes. Methyljasmonate impaired translation of transcripts for the large and small subunits of rubisco as well as several light-harvesting chlorophyll-protein complex apoproteins (Reinbothe et a!.. 1993a (Reinbothe et a!.. . 1993b . It is tempting to hypothesize that plants use the jasmonic acid phytohormones as a signal to switch normal photosynthetic function of the plant to a defensive mode through N storage and production of defensive substances. Possibly. they also may control N assimilate partitioning between vegetative and reproductive tissue.
Other biological effecl<; of methyl jasmonate/jasmonic acid studied recently include ethylene biosynthesis (Chou and Kao. 1992a; Sanz et al.. 1993) . potato (Solanum ruberosum L.) tuberization (Matsuki et al.. 1992) . tendril coiling . seed germination (Ranjan and Lewak. 1992J .leaf senescence (Chou and Kao. 1992b) . and onion (Allium cepa L.) bulbing (Nojiri et al .. 1992) . Gene expression induced by methyl jasmonate has been compared with similar promoters. such as abscisic acid. desiccation. wounding. and sucrose (Lorbeth et al.. 1992 : Mason et a!.. 1992 : Reinbothe et a!.. 1992 .
The aldehyde pathway. Hydroperoxide lyase is an enzyme that cleaves fatty acid hydroperoxides into two fragments at the position between the hydroperoxide-bearing carbon and the double bond. This cleavage results in aldehydic functions on both sides of the site of cleavage. producing both an alkanallalkenal and an oxo-acid. Generally. there are hydroperoxide lyases specific for either 9-hydroperoxides of linoleicllinolenic acids or 13-hydroperoxides of Iinoleicllinolenic acids. Although various hydroperoxide lyase enzymes have not been investigated completely in regard to their stereo-selectivity for hydroperoxide substrates. a few have been identified as being specific for hydroperoxides with the S-configuration. but thus far. none has been identified as R-specific. Recent reviews outline these pathways in more detail (Gardner. 1989 : Hatanaka et al.. 1987 Hydroperoxide-Iya<;e-catalyzed reactions are commonly observed in plants. particularly in wounded tissues. and they often result in charactensllc plant odors. 13-Hydroperoxides of linoleic and linolenic acid cleave Into hexanal and cis-3-hexenal. respectively. a, well as 12-oxo-cis-9-dodecenoic acid (Fig. 4) . A hydroperoxide lyase specific for 13-hydroperoxides was recently isolated from tea ICamellia sinensis (L.) Ktze.] leaves (Matsui et al.• 1991) . The cis-3-hexenal and 12-oxocis-9-<lodecenoic acid are often isomerized by an alkenal isomerase (Phillips et al.• 1979) into trans-2-hexenal and 12-oxo-trans-1O-dodecenoic acid. respectively. Zimmerman and Coudron (1979) showed that the latter oxo-acid is a wound hormone. ·'traumatin." and this compound is undoubtedly the precursor of "traumatic acid." which English et al. described in 1939. Hexanal has a rancid green odor. whereas cis-3-hexenal and trans-2-hexenal have intense grassy and spicy-green odors. respectively. Alcohol dehydrogenases reduce the aldehydes into the corresponding alcohols (Fig. 4) (Matoba et al.. 1989) . which lead to similar. more subdued odors. Recently. the pathway has been expanded to include the conversion ofcis-3-hexenal into 4-hydroxy-trans-2-hexenal (Gardner and Hamberg. 1993 ). 4-Hydroxy-trans-2-hexenal. as well as the more intensively studied 4-hydroxy-trans-2-nonenal. are genotoxic and cytotoxic (reviewed by Esterbauer et al.. 1991) .
Cleavage of9-hydroperoxides proceeds by th~process described above. except the products are either cis-3-nonenal or cis-3.cis-6-nonadienal from the hydroperoxides of linoleic or linolenic acids. respectively. as well as 9-oxononanoic acid (Fig. 5) . The 9-hydroperoxide-specific hydroperoxide lyase has been separated from the 13-hydroperoxide-specific lyase. indicating that they are individual isoenzymes (Matsui et al.. 1989) . After formation of the C-9 aldehydes. other transformations occur similar to those discussed above for the aldehydes derived from 13-hydroperoxides (Fig. 5) . The odors produced by cleavage of 9-hydroperoxides are principally due to the intense cucumber (Cucumis sativus L.)-like odor of cis-3-nonenal and cis-3.cis-6-nonadienal with a more subdued and altered odor contributed by their corresponding alcohols or trans-2-alkenals.
Another type of hydroperoxide lyase. affordi:lg different cleavage fragments from those discussed above. has been reported in fungi. alga. and a species of grass. For example. this hydroperoxide lyase converts 13S-HPOD intoeitherpentanol or pentane. as well as 13-oxotrans-II,cis-9-octadecadienoic acid (see review in Gardner. 1991) . A particularly interesting reaction of this type is found in mushroom (Psalliota bispora Lange). Apparently. a Iipoxygenase may exist that is specific for oxidizing the lOS-position of fany acid; that is. mush- A role for the aldehydes languished in obscurity for many years after the first repons of phySiological activity. Major et al. ( 1960) and Schildknecht and Rauch (1961) found that lrans-2-hexenaJ was fungitOXIc. and ! 'iandl and Fnes ( 1976) found antifungal activity with other hydroperoxlde-Iyase-derived aldehydes. Subsequently. ZImmerman and Coudron ( 1979) reported a wound-healIng action of 12-oxo-rran.\-IO-dodecenolc aCId. More recently. there have been numerous Investigations of antifungal and antimicrobial activity of the hydroperoxide-Iyase-generated aldehydes. including activity agamst certaIn pathogemc StrdInS of these organisms CBradow. 1991; Croft et al.. 1993; Deng et al.. 1993; Doehlert et al.. 1993; Gardner et al.. 1990; Gueldner et al.. 19!iS: Hamilton-Kemp et aJ.. 1992; Urba<,ch. 1987; Vaughn and Gardner. 1993; Zenngue and McCormick. 1989. 19901- In one panlcularly Interesting study (Croft et aJ.. 1993 l. Phaseo/us \'u/garis L. leaves Inoculated with an avirulent strain of Pseudomonas syrmgae pv phaseoilco/a Burkholder caused a burst of hexenals and hexenols after 15 to 24 h. which corresponds to the time of the hypersensitive response. One of the hexenals. Irans-2-hexenal. wa<, panicularly inhibitory to the growth of P. syringae pv phaseoilco/a. Because the hexenallhexenol burst occurred before phytoalexin accumulation. these compounds may be early volatile phytoalexins Important to early plant responses. However. a virulent. compatible straIn of P. sYringae pv phaseo/icoia elicited hexenalslhexenols only at levels slightly above the controls. In addition to antifungal and antImicrobial activity. anti-insecl activity has been demonstrated for some of the aldehydes (Chamberlain et aJ. The fungitoxicity of 4-hydroxy-rrans-2-nonenal is comparatively high (Vaughn and Gardner. 1993) . In addition to antifungal activity. the 4-hydroxy-alkenals. including 4-hydroxy-Irans-2-hexenal. may cause other physiological effects. According to Esterbauer (1992) .4-hydroxy-rrans-2-nonenal may modulate gene expression. Since 4-hydroxY-lrans-2-nonenai and 4-hydroxy-lrans-2-hexenal activate phospholipase D. these 4-hydroxy-alkenals also appear to have some control over the generation of second messengers. such as phoshatidic acid and diacylglycerol (Natarajan et al.. 1993) . At least one enzyme. glucose-6-phosphate dehydrogenase. has been inactivated by exposure to 4-hydroxy-rrans-2-nonenal (Szweda et al.. 1993) .
Orher hydroperoxide-decomposing enzymes. Another major pathway oflinoleicllinolenic acid hydroperoxide metabolism involves the formation of hydroxy-diene/triene. epoxy-eneldiene. epoxyhydroxyeneldiene. and trihydroxy-eneldiene fally acids. There has been some debate about the relative importance of two possible pathways of formation of these fally acids. As ascertained in the laboratories of BleeCBleeandSchuber. I990a. 1990b; Bleeetal.• 1993) and Hamberg (Hamberg and Fahlstadius. 1992; ). one pathway. catalyzed by hydroperoxide-dependent peroxygenase (or epoxygenase). involves the epoxidation of double bonds with peroxide oxygen. resulting in the simultaneous reduction of hydroperoxide to hydroxide. Primary products are epoxy-. epoxyhydroxy-eneldiene. and hydroxy-dieneltriene fatty acids. Trihydroxy-ene/diene fally acids are hydrolysis products ofepoxyhydroxy-ene/diene fally acids. An alternative pathway involves formation of an alkoxyl radical from hydroperoxide and subsequent alkoxyl rearrangement into epoxyhydroxy-eneldiene fally acids (for a discussion of these two possibilities. see review by Gardner. 1991) .
The physiological imponance ofthe various oxygenated fatty acids discussed in the preceding paragraph has been attributed to their antifungal action against rice blast disease (Kato et aJ.. 1983 (Kato et aJ.. . 1984 (Kato et aJ.. . 1985 (Kato et aJ.. . 1986a (Kato et aJ.. . 1986b (Kato et aJ.. . 1991 Ohta et al.• 1990; Shimura et aI.• 1983) . Both Iipoxygenase and lipid hydroperoxide-decomposing activities are activated after infection of rice (Oryza saliva L.) with rice blast fungus. especially with an incompatible strain of the fungus (Ohta et al.. 1991) . In addition. two products of the lipoxygenase and lipid hydroperoxide-decomposing system elicited phytoalexins in Oryza sarh'a L. (Li et al.• 1991) . Similarly. a trihydroxy-ene fatty acid is produced by the root of Colocasia esculenta var. antiquorum L. in defense against Ceratocyslis fimbriala. the black rot fungus (Masui and Kojima, 1990; Masui et al., 1989) . And. according to Blee and Schuber (1993) . the various fatty acids produced by the hydroperoxide-dependent peroxygenase reaction are cutin monomers and their precursors. The production of a cutin barrier may be yet another important defensive function of the Iipoxygenase pathway in plants.
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